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Abstract  
Drilling horizontal wells is a standard practice in the oil industry. Placing hydraulic fractures along the horizontal section of 
the well, to increase hydrocarbon production, is also rapidly gaining popularity, especially as more tight formations, even 
shale, are targeted. Understanding the behaviour of each individual fracture requires production logging. This results in 
additional cost and also puts the well under “operational risks”. 
It is desirable to use pressure data to understand the well behaviour, as this is readily available due to modern completions 
usually having permanent pressure gauges installed. Also, pressure data can be obtained without putting well at any 
“operational risks”. In the region around fractured horizontal well, multiple flow regimes occur simultaneously. In pressure 
transient data usually a combination of all the flow regimes is observed making characterisation of the reservoir difficult.  
In this paper, a comparison of the existing analytical approaches is made to analyse pressure transient data for a horizontal 
well intercepted by multiple fractures. Using the analytical solutions of the diffusivity equation presented by different authors 
for a multiply fractured horizontal well, the dimensions of Stimulated Reservoir Volume (SRV) are calculated. Also, the 
number of active fractures and the flow rate from each fracture are determined using the pressure data. The time for the start of 
interference is calculated and the time dependence of individual fracture flow rates is also estimated. An observation about the 
inability to find the orientation of fractures is also made. 
Introduction 
With energy demands increasing, the oil industry is now increasingly targeting small pockets of hydrocarbons. Soaring oil 
prices are encouraging oil companies to produce tight reservoirs which were previously deemed uneconomical. In order to 
make production from these economically marginal fields viable, it is important to minimise capital expenditure. This makes 
drilling horizontal wells a favourable option as it increases the productive length of the well compared to traditional vertical 
wells. 
The oil industry is now adopting the challenge of producing tight and less productive formations in an economical manner. 
Placing massive hydraulic fractures in the formation helps this cause. Hydraulic fractures provide a flow path to the fluid 
present in the poorly connected pore volumes, far from the well. Without the creation of conductive hydraulic fractures in a 
tight formation, fluid far from the wellbore would require huge pressure drops to reach the wellbore. As mentioned above, 
hydraulic fracture must be induced with minimal expenditure. To minimise the unnecessary cost of hydraulic fracturing, its 
conductivity should be carefully designed (Prats, 1964). The hydraulic fractures increase the area of contact of the wellbore 
with the formation just like horizontal wells and increase production with little financial investment. 
In tight and commercially marginal prospects, drilling a horizontal well and placing multiple hydraulic fractures is fast 
becoming a standard practice. In order to monitor the performance of horizontal wells and individual fractures, production 
logging is usually carried out. In a horizontal well, multiple flow regimes occur simultaneously, making it challenging to 
identify each regime separately and thus characterise the reservoir with confidence. Many attempts have been made to propose 
a mathematical model, capable of using pressure data to characterise the formation around a horizontal well with multiple 
fractures. 
Different techniques are applied to solve the diffusivity equation. The Green’s function approach (Gringarten et al., 1973) is 
most common because it gives flexibility to incorporate different geometries of reservoir. With horizontal wells becoming 
popular in the 1980s, attempts were made to develop a mathematical model capable of predicting horizontal well performance 
(Giger and Reiss, 1984). At the same time efforts were made to develop a mathematical model predicting performance of a 
horizontal well with a hydraulic fracture (Karcher and Giger, 1986).  
Mathematical models were produced using Green’s functions for a horizontal well with multiple fractures (van Kruysdijk, 
1988) and different shaped drainage areas (van Kruysdijk and Niko, 1988) to better understand well performance. A 
Imperial College 
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breakthrough was achieved when the Compound linear flow regime was first identified on a pressure transient plot (van 
Kruysdijk and Dullaert, 1989). The identification of compound linear flow regime led to the idea of coupling different flow 
regimes into one mathematical model (Li et al., 1996). Different mathematical models were presented, capable of handling 
multiply fractured horizontal wells with distinct properties (Raghavan et al., 1997) and then in drainage areas with different 
shapes (Chen and Raghavan, 1997). These models used the idea of discretising the hydraulic fractures (Cinco-Ley and Meng, 
1988) and horizontal wells (Ozkan and Raghavan, 1991) to predict well performance. The problem of imperfect connection 
between the fracture and the wellbore was resolved by applying appropriate skin factor (Mukherjee and Economides, 1991).  
Some semi-analytical models were also presented (Wan and Aziz, 2002) to predict the well performance to improve well 
index (WI) for a given reservoir. Some semi-analytical approaches introduce the effect of local and/or global natural fracture 
network on pressure data (Madeiros et al, 2008). 
Most of the analytical and semi-analytical approaches were mathematically intensive and required foreknowledge of 
numerous parameters. If these parameters are unknown then the number of regression parameters increases. Recently, attempts 
have been made to develop a simple analytical solution to estimate average properties of SRV (Brown et al, 2009). These 
approaches have shown that although the average properties can be estimated relatively easily, evaluating individual fracture 
properties could be complex due to large numbers of unknown parameters to be regressed. Also, these approaches show that to 
deal with non-uniqueness of the solutions, it is important to match not just the slope of the straight line but also the value of the 
straight line on pressure transient plots. 
This study attempts to compare the approaches of different analytical models to handle multi-fractured horizontal wells, 
understand their strengths and suggest improvements. The suggested improvements do not complicate the model or 
compromise accuracy. 
Numerical model 
The model considers a homogenous reservoir with constant thickness and depth (Figure 1a). A cased horizontal well is 
intercepted by five transverse fractures (Figure 1b). The fractures penetrate the formation thickness completely (Figure 2). The 
well is connected to the reservoir through fractures only and there are no perforations between fractures. 
 
 
Figure 1: (a) Top view of simulation model. (b) A cased horizontal well intercepted by five transverse fractures 
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Figure 2: Side view of simulation model, showing the fractures penetrate the reservoir thickness completely  
 
The grid cells are also of uniform sizes. The grid blocks have the same dimensions along the “x” and “y” axes and the same 
thickness along “z” axis making all cell blocks cuboids of identical dimensions. 
Analytical models 
In this paper, the following three analytical solutions to a horizontal well intercepted by multiple transverse hydraulic 
fractures (Fig. 1 and Fig. 2) will be discussed in detail. 
 van Kruysdijk and Dullaert solution 
 Brown et al. solution 
 Raghavan et al. solution 
 
van Kruysdijk and Dullaert solution 
This model may be considered as a real breakthrough in understanding the pressure behaviour of multiply fractured 
horizontal wells as it first identified “compound linear flow regime” on pressure derivative plot.  
 
Approach. The model considers the entire system from two perspetives, reservoir and fracture. The pressure drop as a 
function of space in the Laplace domain is given by (van Kruysdijk and Dullaert, 1989) 
 
Δ𝑃𝑟(𝑥, 𝑠) =
1
ℎ(𝜙𝑐)𝑟
∑ ∫
𝑞𝑖(𝜁𝑖,𝑠)𝐾𝑜(|𝑥−𝜁𝑖
′|√
𝑠
𝜂𝑟
)
2𝜋𝜂𝑟
𝑑𝜁𝑖 ′
𝜁𝑖1
𝜁𝑖0
𝑛
𝑖=1  ................................................................................................................... (1)  
 
The pressure drop along a fracture plane as a function of space in the Laplace domain is given by (van Kruysdijk and 
Dullaert, 1989) 
 
Δ𝑃𝑓𝑖(𝜁𝑖 , 𝑠) =
1
ℎ𝑤𝑖(𝜙𝑐)𝑓𝑖
{
𝑞𝑤𝑖(𝑠)𝐺1𝐵(𝜁𝑖,𝜁𝑖𝑤,
𝑠
𝜂𝑓𝑖
,𝜁𝑖1−𝜁𝑖0)
𝜂𝑓𝑖
− ∫
𝑞𝑖(𝜁𝑖
′,𝑠)𝐺1𝐵(𝜁𝑖,𝜁𝑖𝑤,
𝑠
𝜂𝑓𝑖
,𝜁𝑖1−𝜁𝑖0)
𝜂𝑓𝑖
𝜁𝑖1
𝜁𝑖0
 𝑑𝜁𝑖
′}  …………………………………... (2)  
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where, 
 
𝐺1𝐵 = (𝑥, 𝑥
′, 𝑠, 𝑥𝑒) =
1
2√𝑠
{
2 cosh((𝑥−𝑥′)√𝑠)
exp(2𝑥𝑒√𝑠)−1
+ exp(−|𝑥 − 𝑥′|√𝑠) +
2 cosh((𝑥+𝑥′)√𝑠)
exp(2𝑥𝑒√𝑠)−1
+ exp(−|𝑥 + 𝑥′|√𝑠)} ………………..… (3) 
 
Considering pressure continuity along the interface of fracture plane and reservoir, this yields: 
 
𝑃𝑟(𝑥, 𝑠) = 𝑃𝑓𝑖(𝑥, 𝑠)…………………………………………………………………………………………………………….. (4) 
 
Equation (4) results in an implicit integral for fluid transfer function, which can be solved by discretisation.  
 
𝑞
𝑖
(𝜁𝑖 , 𝑠) = 𝑞𝑖,𝑗(𝑠) 𝑓𝑜𝑟 𝜁𝑖,𝑗−1 < 𝜁𝑖 ≤ 𝜁𝑖,𝑗 ………………………………………………………………………………………... (5) 
 
Now there are n+ 1 unknowns. Flow rate across n discrete intervals of fracture (𝑞𝑤𝑖) and pressure at a given location 
𝑃(𝑥𝑤𝑖 , 𝑠). To match the number of equations with the number of unknowns, consider an incompressible fluid (Eq. 6), infinite 
conductivity wellbore (Eq. 7) and pressure at the centre of a discretised element represents the whole element. These 
assumptions yield: 
 
𝑞
𝑤
= ∑ 𝑞
𝑤𝑖
(𝑠)𝑛𝑖=1 ………………………………………………………………………………………………………………. (6) 
 
𝑃(𝑥𝑤𝑖 , 𝑠) = 𝑃(𝑥𝑤1, 𝑠) 𝑓𝑜𝑟 𝑖 = 2,3,4 … . . 𝑛 ……………………………………………………………………………………. (7) 
 
Solving equations (5) through (7) simultaneously yields a fluid transfer function which can then be used in equation (1) or 
(2) to calculate the pressure drop at a given location. The pressure drop calculated by this method is in the Laplace domain and 
can be inverted back to real time using Stehfest algorithm.  
A pressure derivative with respect to the square root of time was plotted by van Kruysdijk and Dullaert. This led to the 
identification of the compound linear flow regime (Figure 3) where the fluid from the reservoir flows linearly towards fractures 
and then through fractures to the wellbore. 
  
 
Figure 3: Pressure derivative plot identifying compound linear flow regime (van Kruysdijk and Dullaert, 1989) 
 
Strengths and limitations. This model identifies the compound linear flow regime but provides very little information 
about interpreting the derivative plot to obtain system parameters like fracture conductivities alongside their individual flow 
rates. 
Equations (1) to (7) with pressure derivative response (Figure 3) have been presented by van Kruysdijk and Dullaert 
(1989). 
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Brown et al. solution 
The model primarily focuses on simplifying the pressure transient analysis of shale gas. This model honours the traditional 
linear flow regime through fractures and thus can be utilised for a multiply fractured horizontal well. 
 
Approach. In this model, three distinct zones of fluid flow are considered in the reservoir 
 Fluid flow in the hydraulic fractures 
 Fluid flow to fractures from the SRV, called inner reservoir 
 Fluid flow from the non-stimulated part of the reservoir to the fractures, called outer reservoir 
The flow in all three zones is considered to be linear and thus it is also referred to as “the trilinear model”. Figure 4) shows 
the schematic of the three fluid flow zones considered in the trilinear model. 
 
 
Figure 4: Schematic showing three distinct fluid flow zones (Brown et al. 2009) 
 
Analytical solutions to calculate pressure drops in each distinct fluid flow zone, as presented by Brown et al. 2009: 
 
𝑃𝑂𝐷 = 𝑃𝐼𝐷|𝑥𝐷=1 (
cosh[√
𝑠
𝜂𝑂𝐷
(𝑥𝑒𝐷−𝑥𝐷)]
cosh[√
𝑠
𝜂𝑂𝐷
(𝑥𝑒𝐷−1)]
) ………………...……………………………………………………………………… (8) 
  
𝑃𝐼𝐷 = 𝑃𝐹𝐷|𝑦𝐷=
𝑤𝐷
2
(
cosh[√𝛼𝑜(𝑦𝑒𝐷−𝑦𝐷)]
cosh[√𝛼𝑜(𝑦𝑒𝐷−
𝑤𝐷
2
)]
) ………………...……………………………………………………………………… (9) 
 
𝑃𝐹𝐷 =
𝜋
𝐶𝐹𝐷𝑠√𝛼𝐹
(
cosh[√𝛼𝐹(1−𝑥𝐷)]
sinh(√𝛼𝐹)
) …………………... ………………………………………………………………………... (10) 
 
𝑃𝑤𝐷,𝑠𝑡𝑜𝑟𝑎𝑔𝑒 =
𝑃𝑤𝑑
1+𝐶𝐷𝑠
2𝑃𝑤𝐷
 ……………………………………………..…....……………………………………………….… (11) 
 
Here, 
 
𝐶𝐹𝐷 =
𝑘𝑤𝑓
𝑘𝑓𝑥𝑓
 …………………………………………………..………………………………………………………………... (12) 
 
𝐶𝐷 =
𝛼𝐶
2𝜋(𝜙𝑐ℎ)𝐼𝑥𝑓
2 …………………………………………………….…………………………………………………………. (13)  
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Figure 5) below, shows the pressure derivative plot produced from equations (8) through (11). These equations are applied 
for the restricted interpororsity flow (pseudo steady state) solution to a double porosity reservoir discussed in Brown et al. 
2009. In the figure below, “Semi-analytical” refers to the semi-analytical model presented by Medeiros et al. 2008. This is used 
as a validation for the trilinear model. Coloured lines in the following plot represent reproduction of plots by Brown et al. The 
solid lines represent the pressure response without wellbore storage and the broken lines represent the pressure response with 
wellbore storage. Also, the apostrophe represents the pressure derivative plot. 
 
 
Figure 5: Reproduction of pressure response from trilinear model. (Brown et al. 2008) 
 
Strengths and limitations. The trilinear model gives a good measure of average properties of the SRV. For example 
average dimensionless conductivity of the system instead of individual conductivities of each fracture and average fracture 
length etc. It is possible to derive approximate solutions to a number of reservoir configurations, varying due to reservoir 
characteristics, fluid transfer functions and different geometries of fracture and well arrangement; but it makes the matching of 
pressure data with the analytical solutions very difficult. Also, as more parameters are introduced to better represent the 
reservoir mathematically, the number of regression parameters increases. Matching only the slopes of characteristic straight 
lines does not give unique solution but the intercept values of straight lines must also be matched. 
This difficulty with equations (8) through (11) along with the complete set of derivations and relevant parameters was 
presented by Brown et al. 2008, SPE 125043. 
 
Raghavan et al. solution 
This is perhaps the most comprehensive model towards determining individual fracture flow rates and also designing a 
fracture job. 
 
Approach. This model considers each fracture to have individual properties like fracture conductivities, orientation etc. In 
this model, individual fracture flow rates are determined computationally and not assumed. 
It is suggested that if formation linear flow regime and compound linear flow regime are both evident on pressure 
derivative plot then the dimensions of SRV can be calculated using equation (14) 
 
𝐹𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑙𝑜𝑤 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑙𝑜𝑤 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛
=
√𝜋
𝑚′𝑛′
(
𝐷
𝐿
) …………………………………………………………………………….… (14) 
 
Here, D = distance between outermost fractures, L = average fracture length, 𝑚′ = 1.0 − 1.2 but depends on the number of 
fractures and  𝑛′ = number of maximum fractures expected in the system. It has also been observed that as 𝑛′ → ∞ then 
𝑚′ → √𝜋. This tendency of 𝑚′ to fluctuate is unfortunate and requires that the number of active fractures should be known 
beforehand (Raghavan et al., 1997). 
Individual fracture flow rates can be determined using the following set of equations (15) and (16) 
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∑ 𝑞
𝐷𝑗
𝑚
𝑗=1 + ∑ 𝑞𝐷𝑘
𝑛
𝑘=1 =
1
𝑠
 …………………………………………………………………………………………………. (15) 
 
𝑃𝑤𝐷 = ∑ (𝑠𝑞𝐷𝑗
𝑃𝐷𝑗𝑘)
𝑚+𝑛
𝑗=1 …………………………………………………………………………………………………. (16) 
 
Here, 𝑚 represents the number of perforations and 𝑛 represents the number of active fractures. 𝑚 + 𝑛 denotes the number 
of producing elements in the system, while 𝑃𝐷𝑗𝑘 represents pressure distribution caused by element 𝑘 at the observation 
location 𝑗 (Raghavan et al. 1997). 
The orientation of a fracture with respect to the azimuth of the well cannot be determined and thus an appropriate skin 
factor is used (Mukherjee and Economides, 1991) presented below in equation (17). 
 
𝑆𝑐 =
𝑘ℎ
𝑘𝑓𝑤
{ln (
ℎ
2𝑟𝑤
) −
𝜋
2
}.............................................................................................................................................................. (17) 
  
The pressure drop and flow rates obtained from equations (15) and (16) are in the Laplace space and can be inverted back 
to real time using Stehfest algorithm. 
 
Strengths and limitations. This is the first model which can comprehensively determine multiple parameters of a system 
containing horizontal well with multiple hydraulic fractures of different properties. This model considers that the well and the 
reservoir are connected through perforations as well as fractures. In order to correctly determine individual flow rates of each 
flowing element, knowledge of number of active fractures is required which cannot be determined without production logging. 
Also, fracture orientation or imperfect fracture-reservoir connection is accounted for through the skin factor. 
Equations (14) through (16) along with relevant discussions have been presented in (Raghavan et al., 1997). 
General comments about the analytical solutions: 
The analytical solutions discussed above, do not account for fracture orientation and assume that  the horizontal well is 
intercepted by transverse fractures. Any change in orientation is accounted for through skin factor. The solutions are not ab le to 
find out the location of active fractures or the height of a fracture. These analytical models cannot  determine the proppant 
number of the fracture, which is a dimensionless number characterising the fracture (Eq. 18) 
 
𝑁𝑝𝑟𝑜𝑝 =
2𝑘𝑓
𝑘
(
𝑉𝑝𝑟𝑜𝑝
𝑉𝑟𝑒𝑠
) ……………………………………………………………………………………………………….. (18) 
Improvements to analytical analysis 
Improvements to the existing analytical analyses of pressure transient data are presented below. Based on the observations, 
it is suggested that prior knowledge of the number of active fractures is not required and can be obtained from pressure data. 
 
Simulation model 
This study considers a completely homogenous reservoir with a cased horizontal well intercepted by five identical 
transverse fractures as discussed earlier (Figs. 1 and 2). This simulation model is built using Petrel. Some basic parameters of 
the simulation model are presented below in Table 1. Figure 6) shows the top view of the horizontal well with five hydraulic 
fractures of identical properties. It also shows that the well and reservoir are connected through the fracture only and that there 
are no perforations between the fractures. 
  
Comment [IK10]: Comment made by 
Raghavan et al and not found out during the 
study as this was not the focus to start with. 
This focus was to calculate the flow rates of 
individual fractures. 
Comment [IK11]: A table discussing 
the basic parameters is presented below. 
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Parameters Value Units 
Total grid cells 80 X 80 X 8 Grid blocks 
Cell dimensions 250 X 250 X 12.5 meters 
Porosity 0.1 fraction 
Permeability (x) 1.0 millidarcy 
Permeability (y) 1.0 millidarcy 
Permeability (z) 0.1 millidarcy 
Fluid viscosity 0.9 centipoise 
Total compressibility 3.3e-6 psi
-1 
Table 1: Some basic parameters used in the simulation model 
 
Figure 6: Closer look of figure 1(b) 
 
Determination of dimensions of SRV 
A derivative of the pressure transient data is plotted below in Figure 7). Since, the derivative is calculated with respect to 
the square root of time, it must be noted that the horizontal line here represents linear flow while radial flow is represented by a 
line of slope -0.5. Also, wellbore storage is shown by a line of slope 0.5 while a straight line of slope -1 is a characteristic of 
spherical flow. 
The bottom most curve in Figure 8) represents the system in Figure 6) with all five fractures producing. Moving upwards 
on the Figure 8), the number of productive fractures reduces keeping the outermost fractures productive in all cases. It was 
observed that varying fracture conductivities do not affect the pressure derivative plot (Figure 7a) and the fracture spacing has 
negligible impact on the following plots (Figure 7b). The parameters which influence the following plots are: 
 Number of active fractures 
 Dimensions of SRV 
 
1 2 3 4 5 
Comment [IK12]: Fractures have been 
numbered as advised. 
Comment [IK13]: Figures 7(a) and (b) 
have been added to support the statement. Is 
this satisfactory explanation? 
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Figure 7: (a) No impact of fracture conductivities (b) No impact of a missing fracture 
 
 
Figure 8: Pressure derivative plot. Maximum number of active fractures, 5 
 
The total flow rate in all cases is the same. As the number of productive fractures reduces, a higher pressure drop to 
produce the same amount of oil is observed. It is seen that reducing the number of active fractures pronounces the spherical 
flow (top two curves in Figure 8). This spherical flow behaviour starts masking the compound linear flow regime and as the 
number of active producers continues to reduce it becomes more difficult to observe the characteristic behaviour of compound 
linear flow. If the number of active fractures increases, the compound formation linear flow is quite evident as in the bottom 
most case in figure 7 with five producing fractures. 
Using equation (14), the dimensions of SRV can be determined. Table 1 gives a comparison between simulated parameters 
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and the parameters obtained through computational methods using pressure transient data. 
Calculations: Take the case of five producing fractures represented by bottommost curve in Figure 8. 
Formation linear flow stabilization level = 0.33 
Compound formation linear flow stabilization level = 0.28 
Number of maximum fractures expected in the system = 5 
m’ =  1.2 
Using equation 14, 
 
0.33
0.28
=
√𝜋
1.2 ∗ 5
(
𝐷
𝐿
) 
 
𝐷
𝐿
= 3.99 
 
Similarly, for the case of four producing fractures, 
Formation linear flow stabilization level = 0.4 
Compound formation linear flow stabilization level = 0.35 
Number of maximum fractures expected in the system = 5 
m’ =  1.2 
Using equation 14, 
 
0.4
0.35
=
√𝜋
1.2 ∗ 5
(
𝐷
𝐿
) 
 
𝐷
𝐿
= 3.9 
 
Case D/L (Model) D/L (Calculated) 
5 Fractures 4 4 
4 Fractures 4 3.9 
3 Fractures 4 4.2 
2 Fractures 4 4.2 
Table 2 Comparison between simulated and calculated dimensions of SRV 
 
Table 2 shows that the computed parameters are within 10% of the simulated parameters signifying acceptable accuracy of 
the method to determine dimensions of the SRV. 
 
Determination of number of active fractures 
Raghavan et al., 1997 suggests that the number of producing fractures should be known in order to better determine the 
distance between the outermost fractures. Production logging has been considered to precisely give the number of active 
fractures. In this study, it is shown that the number of active fractures can be established through pressure transient data. 
The ratio of stabilisation levels of formation linear flow in any two cases in figure (7) is similar to the inverse of ratio of the 
number of fractures of the same two cases. 
 
𝐹𝐿𝐹1
𝐹𝐿𝐹2
≅
𝑛2
𝑛1
 …………………………………………………………………………………………………………………... (19) 
 
Here, “𝐹𝐿𝐹” refers to formation linear flow stabilisation level and 𝑛 refers to number of active fractures while subscripts 1 
and 2 show any two cases under consideration. Table 3 summarises the comparison of number of producing fractures in 
simulation model with number of active fractures predicted by equation (19). Rounding off the calculated number of active 
fractures to the nearest integer give reasonable estimates for number of producing fractures. 
  
Comment [IK15]: Analysis included 
below to support the statement. 
Comment [IK16]: D and L have been 
defined with equation 14 above. Would you 
want me to define it again? 
Comment [IK17]: 1 and 2 refer to any 
two cases in fig. 7. Will identifying case 1 
and 2 on figure 7 not be misleading? 
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Case Active fractures 
  (Model)  (Calculated) 
5 Fractures 5 5 
4 Fractures 4 4.1 (approx. 4) 
3 Fractures 3 3.2 (approx. 3) 
2 Fractures 2 2.1 (approx. 2) 
Table 3: Comparison between simulated and calculated number of fractures 
Calculations: Consider the two bottommost curves in figure 7, ideal case with five successful fractures, calling it case 1 
and a case with four producing and one inactive fracture, calling it case 2. 
Formation linear flow stabilization level for case 1 = 0.33 
Formation linear flow stabilization level for case 2 = 0.40 
Number of active fractures in the ideal case = 5 
Number of active fractures in the non-ideal case = x 
Using equation 19 
 
0.33
0.40
=
𝑥
5
 
 
𝑥 = 4.1 
 
 The number of active fractures in the ideal case is always known and its pressure derivative response can be simulated and 
compared with actual pressure derivative response to estimate number of active fractures. Foreknowledge of producing 
fractures in no longer a prerequisite. 
Determination of individual fracture flow rates 
Using equations (15) and (16), the flow rates from individual fractures can be determined. The pressure drop 𝑃𝐷𝑗𝑘 which 
represents pressure distribution due to an active element at an observation point can be determined numerically. For the 
simulation model, there are five active elements since the well and the reservoir are connected through hydraulic fractures only 
(Figure 6). Figure 9) shows the trend of individual fracture flow rates for the system as a function of time. 
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Figure 9: Individual flow rates of fractures with identical properties. After Raghavan et al., 1997 
 
It is discernible that the individual fracture flow rates behave as a function of time. It is important to note that q1D represents 
flow rate from the fracture closest to the heel of the horizontal section of the well and q5D shows the flow rate of the fracture 
closest to the toe of the horizontal well. 
As evident in Figure 9, all the fractures start production with equal flow rates since the fracture properties are identical.  
With time, the fractures start interfering with each other. Since the middle fracture (q3D) feels maximum interference, it has 
least flow rate. The outermost fractures i.e. q1D and q5D experience least interference and thus have maximum production.  
The use of equations (15) and (16) also holds for a system where the fractures do not have similar properties. Figure 10) 
represent a system with a horizontal well intercepted by three transverse hydraulic fractures of varying properties. Fracture 1 is 
closest to the heel of the horizontal section of the well while fracture 3 is closest to the toe. This system may be regarded as a 
simplified version of the system represented in Figure 6) having only three fractures instead of five. Figure 111) and Figure 12) 
represent individual fracture flow rates of this system for different arrangements of conductivities and formation 
permeabilities. 
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Figure 10: A horizontal well intercepted by three transverse hydraulic fractures of varying properties (a) Top view (b) Side view 
 
The fractures have distinct conductivities with fracture 1 (q1D) closest to the heel of the horizontal section of the well and 
fracture 3 (q3D) farthest from it. The dimensionless terms may be mathematically defined as 
 
𝑞𝐷 =
𝑞𝑖
𝑞𝑡
…………………………………………………………………………………………………………………..… (20) 
 
𝑡𝐷 =
𝛼𝑘Δ𝑡
𝜙𝜇𝐶𝑡(
𝐷
2
)
2 ……………………………………………………………………………………………………………... (21) 
 
where, 
k = formation permeability, Δt = elapsed time, φ = formation porosity, μ = fluid viscosity, Ct = total compressibility, D = 
distance between outermost fractures and α = conversion factor to make the units consistent. 
As shown in Figure 11) below, despite being least conductive fracture 1 has the maximum flow rate at the start of 
production. This is due to the fact that the heel of the horizontal well experiences maximum drawdown. As the pressure drop 
increases across the drainage area, the proportions of production from fractures 2 and 3 increase. The contributions of fractures 
towards total production corresponds their conductivities. As the fractures start interfering with each other, the flow rate from 
the middle fracture starts decreasing and the flow rates from outer fractures start increasing. It may also be noted that the flow 
rate from fracture 3 is higher than the flow rate from fracture 1, even after the start of interference and this can be attributed to 
higher conductivity of fracture 3. 
Upon changing the conductivity of fractures 1 and 3, it is still observed that the fracture closest to the heel of the well 
produces more at the start of the test and then the flow rates from each fracture correspond to their conductivities. After the 
start of interference, the production from middle fracture starts dropping (Figure 12b) 
The trends of the plots in Figure 12 are similar and consistent with the above discussion. The only difference is that as the 
formation permeability increases, the pressure transient travels very quickly through the formation and hence fracture 1 is not 
observed to produce higher than other fractures in Figure 12b). But if the trend is extrapolated backwards, this behaviour can 
still be observed. 
The exact contribution of each fracture depends on the formation permeability as well as other fracture parameters. The 
start of interference can be seen on the following plots and using equation 21, exact time for the start of interference can be 
determined. For example using the parameters in table 1 and equation 21, time for the start of interference for Figure 11a) is 
found to be 63 hrs. 
(a) (b) 
1 2 3 
1  2 3 
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Figure 11: Individual fracture flow rates. Formation permeability 1mD. Most conductive fracture (a) Fracture 3 (b) Fracture 1 
 
 
 
Figure 12: Individual fracture flow rates. Formation permeability (a) 0.1 mD (b) 10 mD 
Conclusions 
From the comparisons of different analytical models and improvements suggested during this study, following conclusions 
are drawn about different parameters that can be successfully determined using pressure transient data of a horizontal well 
intercepted with multiple transverse fractures: 
 The van Kruysdijk and Dullaert model first identified the compound linear flow regime on a pressure derivative 
plot, leading to the development of different analytical models and a better understanding of multiply fractured 
horizontal well. 
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 The Brown et al. model gives decent estimates of average properties of SRV. 
 The Raghavan et al. model is most comprehensive in estimating properties of individual fractures with distinct 
properties. 
 It is possible to determine the dimensions of SRV if both linear flow regimes (formation linear flow regime and 
compound linear flow regime) are evident on the pressure derivative plot. 
 It was previously necessary to have prior knowledge of the number of active fractures but this study has shown 
that it is possible to establish the number of active fractures using pressure data. 
 It may not be possible to exactly locate the unproductive middle fractures. 
 The flow rates from each individual fracture can be determined provided reasonable estimates about fracture 
conductivities and fracture spacing are available. 
 Time for the start of interference among the fractures can be predicted. 
 With available analytical models, it is not possible to determine fracture orientation with respect to the direction of 
the horizontal wellbore. 
Recommendations 
It is recommend that further research may be undertaken so that the pressure transient data can be used more effectively for 
the following purposes: 
 Determining the exact location of active fractures. 
 Establishing the orientation of fractures with respect to the azimuth of the well. 
 Estimation of fracture height. 
 Evaluation of the proppant number. (Eq. 18) 
Nomenclature 
𝑃 = 𝑝𝑟𝑒𝑠𝑠𝑢𝑒  
ℎ = 𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 ℎ𝑒𝑖𝑔ℎ𝑡  
𝑐 = 𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦  
𝑠 = 𝐿𝑎𝑝𝑙𝑎𝑐𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒  
𝑥 = 𝑠𝑝𝑎𝑐𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒  
𝑞 = 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒  
𝐾0 = 𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑 𝑠𝑒𝑐𝑜𝑛𝑑 𝑘𝑖𝑛𝑑 𝐵𝑒𝑠𝑠𝑒𝑙 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑧𝑒𝑟𝑜 𝑜𝑟𝑑𝑒𝑟  
𝑛 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠  
𝑛′ = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠 𝑒𝑥𝑝𝑒𝑐𝑡𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑠𝑦𝑠𝑡𝑒𝑚  
𝜙 = 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦  
𝜁′ = 𝑠𝑝𝑎𝑐𝑒 𝑐𝑜𝑜𝑟𝑑𝑖𝑛𝑎𝑡𝑒 𝑎𝑙𝑜𝑛𝑔 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑝𝑙𝑎𝑛𝑒  
𝜁𝑖0, 𝜁𝑖1 = 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑡𝑖𝑝 𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛𝑠  
𝜂 = ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑣𝑖𝑡𝑦  
𝑤𝑓 = 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑤𝑖𝑑𝑡ℎ  
𝑥𝑒 = 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑠𝑖𝑧𝑒 𝑎𝑙𝑜𝑛𝑔 𝑥 − 𝑎𝑥𝑖𝑠  
𝑚 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑖𝑣𝑒 𝑝𝑒𝑟𝑓𝑜𝑟𝑎𝑡𝑖𝑜𝑛𝑠  
𝐷 = 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 𝑜𝑢𝑡𝑒𝑟 𝑚𝑜𝑠𝑡 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒𝑠  
𝐿 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑡ℎ𝑒 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒  
𝐶𝐹𝐷 = 𝐷𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦  
𝑘 = 𝑝𝑒𝑟𝑚𝑒𝑎𝑏𝑖𝑙𝑖𝑡𝑦  
𝑥𝑓 = 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 ℎ𝑎𝑙𝑓 𝑙𝑒𝑛𝑔𝑡ℎ  
𝛼 = 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑡𝑜 𝑚𝑎𝑘𝑒 𝑢𝑛𝑖𝑡𝑠 𝑐𝑜𝑛𝑠𝑖𝑠𝑡𝑒𝑛𝑡  
𝛼𝑓 = ℎ𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑢𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑟𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙  
𝛼𝑜 = 𝑜𝑢𝑡𝑒𝑟 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑡𝑟𝑖𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑙𝑜𝑤 𝑚𝑜𝑑𝑒𝑙  
𝐶𝐷 = 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  
𝜇 = 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦  
𝐶 = 𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  
𝑊𝐵𝑆 = 𝑤𝑒𝑙𝑙𝑏𝑜𝑟𝑒 𝑠𝑡𝑜𝑟𝑎𝑔𝑒  
𝑆𝑅𝑉 = 𝑠𝑡𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑟𝑒𝑠𝑒𝑣𝑜𝑖𝑟 𝑣𝑜𝑙𝑢𝑚𝑒  
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𝑁𝑝𝑟𝑜𝑝 = 𝑃𝑟𝑜𝑝𝑝𝑎𝑛𝑡 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒  
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𝑉𝑟𝑒𝑠 = 𝑅𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟 𝑣𝑜𝑙𝑢𝑚𝑒  
𝑉𝑝𝑟𝑜𝑝 = 𝑃𝑟𝑜𝑝𝑝𝑒𝑑 𝑣𝑜𝑙𝑢𝑚𝑒  
 
Subscripts 
𝐷 = 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠  
𝑓 = 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒  
𝑜 = 𝑜𝑢𝑡𝑒𝑟 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟  
𝐼 = 𝑖𝑛𝑛𝑒𝑟 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟  
𝑖 = 𝑓𝑟𝑎𝑐𝑡𝑢𝑟𝑒 𝑖𝑛𝑑𝑒𝑥  
𝑗 = 𝑖𝑛𝑑𝑒𝑥 𝑓𝑜𝑟 𝑑𝑖𝑠𝑐𝑟𝑒𝑡𝑖𝑧𝑒𝑑 𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙  
𝑟 = 𝑟𝑒𝑠𝑒𝑟𝑣𝑜𝑖𝑟  
 
Superscript 
−= 𝐿𝑎𝑝𝑙𝑎𝑐𝑒 𝑑𝑜𝑚𝑎𝑖𝑛  
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Appendix A: Major milestones 
 
SPE 
Paper no 
Year Title Author(s) Contribution 
3818 1973 
The Use of Source and 
Green’s Functions in Solving 
Unsteady Flow Problems in 
Reservoirs 
A.C. Gringarten 
H.J. Ramey Jr. 
First to develop an extensive list of 
source functions to be used with 
Green’s function for the solution of 
diffusivity equation. 
13024 1984 
The Reservoir Engineering 
Aspects of Horizontal 
Drilling 
F.M. Giger 
L.H. Reiss 
A.P. Jourdan 
First to present analytical formula to 
predict productivity of horizontal 
wells 
15430 1986 
Some Practical Formulas to 
Predict Horizontal Well 
Behaviour 
B.J. Karcher 
F.M. Giger 
J. Combe 
Presented a mathematical model to 
predict performance of a horizontal 
well with fracture. 
18169 1988 
Semi-Analytical Modelling 
of Pressure Transients in 
Fractured Reservoirs 
C.P.J.W. van Kruysdijk 
First to develop source functions in 
Laplace domain for hydraulically 
fractured wells. 
 
 
 
 
 
1989
1 
A Boundary Element 
Solution to the Transient 
Pressure Response of 
Multiply Fractured 
Horizontal Wells 
C.P.J.W. van Kruysdijk 
G.M. Dullaert 
First to identify compound linear 
flow regime on pressure derivative 
plot 
18303 1991 
A Parametric Comparison of 
Horizontal and Vertical Well 
Performance 
H. Mukherjee 
M.J. Economides 
First to account for completion 
effects on a hydraulically fractured 
horizontal well. 
37051 1996 
A New Method to Predict 
Performance of Fractured 
Horizontal Wells 
H. Li 
Z. Jia 
Z. Wei 
First mathematical model coupling 
the reservoir linear, fracture linear 
and  fracture radial flows to predict 
well performance 
27652 1997 
An Analysis of Horizontal 
Wells Intercepted by 
Multiple Fractures 
R.S. Raghavan 
C. Chen 
B. Agarwal 
First to present a comprehensive 
analytical model for the analysis of 
multiply fractured horizontal well 
using pressure data  
81190 2002 
Semi-Analytical Well Model 
of Horizontal Wells with 
Multiple Hydraulic Fractures 
J. Wan 
K. Aziz 
Presented a semi analytical model 
capable of handling different fracture 
orientations. 
125043 2009 
Practical Solutions for 
Pressure Transient Responses 
of Fractured Horizontal 
Wells in Unconventional 
Shale Reservoirs 
M. Brown 
E. Ozkan 
R. Raghavan 
H. Kazemi 
First to introduce the concept of three  
distinct flowing zones and combine 
three linear flow regimes and 
estimate properties of a horizontal 
well intercepted by multiple 
hydraulic fractures. 
 
1
 van Kruysdijk, C. P. J. W. and Dullaert, G. M.: "A Boundary Element Solution to the Transient Pressure 
Response of Multiply Fractured Horizontal Wells," article presented at the 2
nd
 European Conference on  
the Mathematics of Oil Recovery, Cambridge, UK, 1989. 
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Appendix B: Critical Literature Review 
 
SPE 3818 (1973) 
 
The Use of Source and Green’s Function in Solving Unsteady Flow Problems in Reservoirs 
 
Authors: A.C. Gringarten and H.J. Ramey Jr. 
  
Contribution to industry; 
An extensive list of source functions. These source functions are used in Green’s functions to solve 
diffusivity equation. 
 
Objective: 
To use Green’s function approach to solve diffusivity equation for fluid flow through porous media. 
 
Methodology: 
Instantaneous point source solution approach is used as a part of Green’s function theory in 
combination with Newman’s product method. 
 
Conclusion: 
Green’s functions were successfully used with Newman’s product approach to generate solutions for 
number different reservoir configurations. It was proved in the study that the use of Green’s function to 
solve diffusivity equation gives a lot of flexibility to account for different reservoir arrangements. The 
paper also shows that the solutions derived from Green’s function approach are much more readily 
adaptable for numerical evaluation as compared to solutions from other methods. 
 
Comments: 
The study considers that the flow in source volume is uniform and that the concept of uniform flux 
within the source volume is applicable. This makes flow rate independent of space coordinate. This 
assumption may not always hold.  
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SPE 13024 (1984) 
 
The Reservoir Engineering Aspects of Horizontal Drilling 
 
Authors: Giger, F.M.; Reiss, L.H. and Jourdan, A.P. 
 
Contribution to industry; 
Presented the first mathematical model to predict the performance of a horizontal well. 
 
Objective: 
To present a reservoir engineering theory behind the performance of horizontal wells. 
 
Methodology: 
Transmissibility i.e. “kh” and drainage area of vertical well is replaced by transmissibility i.e. “kL” and 
drainage area of horizontal well to develop the analytical model for performance prediction of horizontal 
wells 
 
Conclusion: 
Analytical models were presented to predict initial productivity of horizontal wells and critical rates 
and the results were verified by field data. Also, the commerciality of horizontal wells was confirmed in 
this paper. 
 
Comments: 
This paper makes use of empirical models for prediction of water coning. 
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SPE 15430 (1986) 
 
Some Practical Formulas to Predict Horizontal Well Behaviour 
 
Authors: Karcher, B.J., Giger, F.M. and Combe, J. 
 
Contribution to industry: 
Presented first mathematical model to predict horizontal well performance with a fracture 
 
Objective: 
Present a mathematical model which can predict the performance of a horizontal well with fracture. 
 
Methodology: 
Productivity of a vertical well with circular drainage radius is considered as a reference case and the 
concept is further extended to horizontal wells with fractures. 
 
Conclusion: 
The mathematical model predicts performance of a horizontal well to be better 2 to 5 times than a 
vertical well in a homogenous medium. Also, it was concluded that the performance of slanted well may 
be better than a horizontal well in case of very low vertical permeability. If a horizontal well intercepts a 
natural (or artificial) fracture network it will perform better. 
 
Comments: 
The model assumes fracture length to be equal to reservoir height and so it cannot handle partially 
penetrating (3D) fractures. Also, the model cannot handle fracture eccentricity. Moreover, the model 
considers the fracture to be infinite conductivity. 
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SPE 18169 (1988) 
 
Semi-Analytical Modelling of Pressure Transients in Fractured Reservoirs 
 
Authors: C.P.J.W. van Kruysdijk 
 
Contribution to industry: 
Developed source functions for hydraulically fractured wells in Laplace domain, using Green’s 
function. 
 
Objective: 
To develop a fast and robust mathematical equation to calculate pressure transient response 
 
Methodology: 
Developed source functions by applying boundary element solution method on diffusivity equation in 
Laplace domain to handle horizontal well with multiple fractures. 
 
Conclusion: 
Developed a fast and robust analytical solution for handling pressure transient response in infinite 
acting (and double porosity as well) medium. The model is also capable of handling fracture wall skin 
which resulted in better estimation of hydraulic fracture length. 
 
Comments: 
The model presented in this paper results in a hump on pressure derivative plot accounting for fracture 
impairment. 
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 (1989) 
 
Boundary Element Solution to the Transient Pressure Response of Multiply Fractured Horizontal 
Wells 
 
Author: C.P.J.W. van Kruysdijk and G.M. Dullaert 
 
Contribution to industry: 
First to identify compound linear flow regime for horizontal wells with multiple fractures on pressure 
derivative plot 
 
Objective of the paper: 
To develop a mathematical model yielding pressure transient response for multiply fractured horizontal 
well. 
 
Methodology: 
Boundary element solution methods were used in combination with Laplace transforms to reduce 
discretization errors. Pressure continuity concept is used across each point along the interface between 
reservoir and fracture plane. Also, the pressure continuity constraint is supposed to hold for the centre of 
each discretized interval. 
 
Conclusion: 
A stable mathematical model was developed to predict the properties of a horizontal well with multiple 
fractures. Introduction of compound linear flow concept helped in improved well test analysis. 
 
Comments: 
The results presented in the paper are dimensional. Well of infinite conductivity is considered. Also, 
pressure continuity is assumed to hold for the centre of each discretized element.  
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SPE 18303 (1991) 
 
A Parametric Comparison of Horizontal and Vertical Well Performance 
 
Authors: Mukherjee, H. and Economides, M.J. 
 
Contribution to industry: 
Proved that horizontal wells may not always perform better than their vertical counterparts and stressed 
on careful engineering evaluation before opting for horizontal drilling. Also, this paper presents a model 
to predict the optimum number of fractures to improve the performance of a horizontal well. 
 
Objective of the paper: 
Compare the performance of vertical, slanted and horizontal wells under varying conditions (i.e. 
changing anisotropy) 
 
Methodology: 
This paper uses Joshi’s (1988) model for the inflow performance of a horizontal well. But unlike 
Joshi’s model here the permeability anisotropy is considered and taken into account. Also, instead of 
using horizontal permeability, geometric average of vertical and horizontal permeabilities is used. 
 
Conclusion: 
This paper emphasizes that there is a limit of permeability anisotropy (Ianih <100) beyond which 
horizontal well does not perform significantly better than vertical wells making additional expenditure on 
horizontal drilling unjustified. 
 
Comments: 
This paper assumes that the flow from the unfractured region to the wellbore (both cased and open 
hole) is negligible.  
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SPE 37051 (1996) 
 
A New Method to Predict Performance of Fractured Horizontal Wells 
 
Authors: Li, H., Zhengqi, J. and Wei, Z.  
 
Contribution to industry: 
Factors affecting the performance of a hydraulically fractured horizontal well have been analysed 
through a mathematical model. 
 
Objective of the paper: 
Develop a mathematical model to predict the performance of a hydraulically fractured horizontal well 
and incorporate factors affecting well performance. 
 
Methodology: 
The fractured length of the well was divided into “n” regions. Flow rate and pressure drop for each 
region was computed independently and then added up to find total pressure drop and flow rate. 
 
Conclusion: 
The mathematical model for predicting hydraulically fractured horizontal well with/without re-
perforations was successfully tested against field data of Daqing oilfield. The results yield that the 
predicted and actual well performances were within 1% agreement, suggesting that the model can be 
successfully applied to find out optimum number of fractures for optimum well performance. 
 
Comments: 
The model considers that the fracture is in the middle of the flow region. This assumption may not be 
true all the time. 
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SPE 27652 (1997) 
 
A New Method to Predict Performance of Fractured Horizontal Wells 
 
Authors: R.S. Raghavan, C. Chen and B. Agarwal  
 
Contribution to industry: 
First to present a comprehensive analytical model for the design and evaluation of a horizontal well 
intercepted with multiple hydraulic fractures. 
 
Objective of the paper: 
To present a mathematical model capable of evaluating different properties of fractures individually in 
a horizontal well intercepted by multiple hydraulic fractures. 
 
Methodology: 
A mathematical model is developed which takes care of interference pressures among all the active 
elements of a multiply fractured horizontal well. These interference pressures are determined numerically 
and then used as inputs in the analytical model. Also, this model is capable of estimating effective 
wellbore radius for a horizontal well with multiple fractures. 
 
Conclusion: 
A mathematical model is developed which predicts average system properties such as average 
conductivity and average fracture length. Individual fracture flow rates can also be estimated through this 
model. 
 
Comments: 
The model is not capable of establishing exact location of productive fractures. The confidence level in 
the estimation of dimensions of stimulated reservoir volume increases if foreknowledge of the number of 
active fractures/elements is available.  
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SPE 81190 (2002) 
 
Semi-Analytical Well Model of Horizontal Wells with Multiple Hydraulic Fractures  
 
Authors: Wan, J. and Aziz, K. 
 
Contribution to the industry: 
A semi analytical 3D model capable of handling different fracture orientations and compute correct 
well index 
 
Objective of the paper: 
Extend the existing 2D solutions to 3D solutions for horizontal wells with multiple fractures. Also, 
calculate the correct well index (WI) by computing accurate effective wellbore radius (rwe) 
 
Methodology: 
Chen and Raghavan’s 2D solutions were extended to 3D cases. Fourier analysis was applied to the 2D 
solutions and extended further to generate 3D solutions for multiply fractured wells. 
 
Conclusions: 
Generalized solutions for 2D and 3D fractures were developed which can be used to predict PI and WI 
of such wells. 
 
Comments: 
This paper claims to better predict BHP of such wells as compared to predictions using Peacman’s WI. 
But validation against a real field data has not been provided. 
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SPE 81190 (2009) 
 
Practical Solutions for Pressure Transient Responses of Fractured Horizontal Wells in Unconventional 
Shale Reservoirs 
 
Authors: M. Brown, E. Ozkan, R. Raghavan and H. Kazemi 
 
Contribution to the industry: 
First model to introduce the concept of three distinct flowing zones and to combine their flow regimes 
for the evaluation of the performance of multiply fractured horizontal well. 
 
Objective of the paper: 
Develop a simple analytical model to evaluate the average properties of the stimulated reservoir 
volume with minimum mathematical manipulation. 
 
Methodology: 
The fluid flow is divided into three distinct flowing zones. First is the volume of the reservoir which is 
stimulated. This is referred in the paper as inner reservoir volume. Second is non-stimulated reservoir 
volume called outer reservoir while the third flowing zone is the hydraulic fracture.  
Flow from each zone is considered to be linear. All the flow regimes are solved independently and then 
eventually combined into one final comprehensive model capable of evaluating average properties of the 
stimulated reservoir volume. 
 
Conclusions: 
Average properties of the multiply fractured well can be determined with relative ease but 
determination of individual fracture properties requires mathematical manipulations which make the 
analytical solution complex. Also, since the number of parameters to be matched is quite large, therefore 
matching only the slopes of the straight lines is not enough. In order to get proper result values of the 
straight lines must also be matched with asymptotic solutions. 
 
Comments: 
As the number of matching parameters increase so does the complexity of the analytical solutions. The 
model is good if only average properties are required. For determination of individual properties of the 
fractures, this model can be manipulated but it increases the complexity of the model. 
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Appendix C: Parameters of simulation model 
Following input parameters were used to develop Eclipse simulation model using PETREL. 
 
Grid block properties 
 nx = 80 (number of grid cells in x − direction) 
 ny = 80 (number of grid cells in y − direction) 
 nz = 8 (number of grid cells in z − direction) 
 Δx = 250m (size of grid cell in x − direction)  
 Δy = 250m (size of grid cell in y − direction) 
 Δz = 12.5m (size of grid cell in z − direction) 
 Formation thickness = 100m 
 Formation top = 1500m TVD 
 No structural tilting/dipping. Completely horizontal and homogenous system assumed 
 
Fluid model 
 Initial Presure = 345 bars 
 Initial Temperature = 65.5℃ 
 Standard Pressure = 1 bar 
 Standard Temperature = 15.55℃ 
 Gas gravity = 0.6636 
 Oil density = 730
kg
m3
 
 Bubble point pressure = 76.5 bar 
 Oil gravity = 62.14 °API 
 Datum depth = 1500m TVD 
 Ground level elevation = 0m amsl 
 
Rock properties 
 Initial oil satuartion = 0.67 
 Residual oil saturation (Sor) = 0.16 
 Corey parameter krow = 2.5 
 kro@Somax = 0.75 
 Corey parameter water = 1.8 
 krw@Sorw = 0.4 
 krw@Sw = 1 
 cr = 0.00004772 bar
−1 
 
Nomenclature 
krow = Relative permeability of oil with repect to water  
kro@Somax = relative of oil at maximum oil saturation i. e. initial oil relative permeability  
krw@Sorw = Relative permeability of water at water saturation corresponding to Sor  
Sor = Residual oil saturation  
krw@Sw = Relative permeability of water at 100% water saturation  
cr = Rock compressibility  
  
Evaluating Hydraulic Fracture Properties Using Well Test Analysis on Multi Fractured Horizontal Well  XIII 
 
Appendix D: MATLAB code 
Equations (15) and (16) were simultaneously solved using following MATLAB code. 
 
for i = 1:10; 
     td = logspace(-3,1,5); 
    %to arrange td values from top to bottom 
     a= td.'; 
   for j = 1:5; 
       s(j,i) = i * log(2) / a(j); 
       %j=rows, i=columns 
       %a(j) picks the value of a at cell number 'j' 
       %now the argument calculates laplace variable 
   end 
end 
Pd11 = [2.9699e-3; 2.2291e-2; 1.2742e-1; 3.9852e-1; 8.0839e-1]; 
Pd12 = [2.1409e-6; 2.6976e-5; 9.2102e-4; 1.9758e-2; 2.1820e-1]; 
Pd13 = [2.1409e-6; 2.1409e-6; 1.4558e-5; 9.3344e-4; 7.2457e-2]; 
Pd21 = [2.1409e-6; 2.6976e-5; 9.2102e-4; 1.9758e-2; 2.1820e-1]; 
Pd22 = [2.9699e-3; 2.2291e-2; 1.2742e-1; 3.9852e-1; 8.0839e-1]; 
Pd23 = [2.1409e-6; 2.6976e-5; 9.2102e-4; 1.9758e-2; 2.1820e-1]; 
Pd31 = [2.1409e-6; 2.1409e-6; 1.4558e-5; 9.3344e-4; 7.2457e-2]; 
Pd32 = [2.1409e-6; 2.6976e-5; 9.2102e-4; 1.9758e-2; 2.1820e-1]; 
Pd33 = [2.9699e-3; 2.2291e-2; 1.2742e-1; 3.9852e-1; 8.0839e-1]; 
%Pd(jk) represents pressure drop due to element k at location j 
%i.e. Pd(jk) represents interference pressure 
%the values of each Pd(jk) variable at each time step comes from 
%“multi-value probe” option in PETREL  
%each outer “for loop” represents time step i.e. j=1 represents 
%first time step 
%each inner “for loop” represents “i” for which “Vi” is calculated 
%to be used later in Stehfast algorithm 
for j=1; 
    for i=1; 
A11 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b11 = [0; 0; 0; 1]; 
q11 = A11\b11; 
    end 
    for i=2; 
A12 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b12 = [0; 0; 0; 1]; 
q12 = A12\b12; 
    end 
    for i=3; 
A13 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b13 = [0; 0; 0; 1]; 
q13 = A13\b13; 
    end 
    for i=4; 
A14 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
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s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b14 = [0; 0; 0; 1]; 
q14 = A14\b14; 
    end 
    for i=5; 
A15 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b15 = [0; 0; 0; 1]; 
q15 = A15\b15; 
    end 
    for i=6; 
A16 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b16 = [0; 0; 0; 1]; 
q16 = A16\b16; 
    end 
    for i=7; 
A17 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b17 = [0; 0; 0; 1]; 
q17 = A17\b17; 
    end 
    for i=8; 
A18 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b18 = [0; 0; 0; 1]; 
q18 = A18\b18; 
    end 
    for i=9; 
A19 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b19 = [0; 0; 0; 1]; 
q19 = A19\b19; 
    end 
    for i=10; 
A110 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b110 = [0; 0; 0; 1]; 
q110 = A110\b110; 
    end 
end 
for j=2; 
    for i=1; 
A21 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
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b21 = [0; 0; 0; 1]; 
q21 = A21\b21; 
    end 
    for i=2; 
A22 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b22 = [0; 0; 0; 1]; 
q22 = A22\b22; 
    end 
    for i=3; 
A23 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b23 = [0; 0; 0; 1]; 
q23 = A23\b23; 
    end 
    for i=4; 
A24 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b24 = [0; 0; 0; 1]; 
q24 = A24\b24; 
    end 
    for i=5; 
A25 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b25 = [0; 0; 0; 1]; 
q25 = A25\b25; 
    end 
    for i=6; 
A26 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b26 = [0; 0; 0; 1]; 
q26 = A26\b26; 
    end 
    for i=7; 
A27 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b27 = [0; 0; 0; 1]; 
q27 = A27\b27; 
    end 
    for i=8; 
A28 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b28 = [0; 0; 0; 1]; 
q28 = A28\b28; 
    end 
    for i=9; 
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A29 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b29 = [0; 0; 0; 1]; 
q29 = A29\b29; 
    end 
    for i=10; 
A210 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b210 = [0; 0; 0; 1]; 
q210 = A210\b210; 
    end 
end 
for j=3; 
    for i=1; 
A31 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b31 = [0; 0; 0; 1]; 
q31 = A31\b31; 
    end 
    for i=2; 
A32 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b32 = [0; 0; 0; 1]; 
q32 = A32\b32; 
    end 
    for i=3; 
A33 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b33 = [0; 0; 0; 1]; 
q33 = A33\b33; 
    end 
    for i=4; 
A34 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b34 = [0; 0; 0; 1]; 
q34 = A34\b34; 
    end 
    for i=5; 
A35 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b35 = [0; 0; 0; 1]; 
q35 = A35\b35; 
    end 
    for i=6; 
A36 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
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s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b36 = [0; 0; 0; 1]; 
q36 = A36\b36; 
    end 
    for i=7; 
A37 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b37 = [0; 0; 0; 1]; 
q37 = A37\b37; 
    end 
    for i=8; 
A38 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b38 = [0; 0; 0; 1]; 
q38 = A38\b38; 
    end 
    for i=9; 
A39 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b39 = [0; 0; 0; 1]; 
q39 = A39\b39; 
    end 
    for i=10; 
A310 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b310 = [0; 0; 0; 1]; 
q310 = A310\b310; 
    end 
end 
for j=4; 
    for i=1; 
A41 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b41 = [0; 0; 0; 1]; 
q41 = A41\b41; 
    end 
    for i=2; 
A42 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b42 = [0; 0; 0; 1]; 
q42 = A42\b42; 
    end 
    for i=3; 
A43 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
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b43 = [0; 0; 0; 1]; 
q43 = A43\b43; 
    end 
    for i=4; 
A44 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b44 = [0; 0; 0; 1]; 
q44 = A44\b44; 
    end 
    for i=5; 
A45 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b45 = [0; 0; 0; 1]; 
q45 = A45\b45; 
    end 
    for i=6; 
A46 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b46 = [0; 0; 0; 1]; 
q46 = A46\b46; 
    end 
    for i=7; 
A47 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b47 = [0; 0; 0; 1]; 
q47 = A47\b47; 
    end 
    for i=8; 
A48 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b48 = [0; 0; 0; 1]; 
q48 = A48\b48; 
    end 
    for i=9; 
A49 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b49 = [0; 0; 0; 1]; 
q49 = A49\b49; 
    end 
    for i=10; 
A410 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b410 = [0; 0; 0; 1]; 
q410 = A410\b410; 
    end 
end 
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for j=5; 
    for i=1; 
A51 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b51 = [0; 0; 0; 1]; 
q51 = A51\b51; 
    end 
    for i=2; 
A52 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b52 = [0; 0; 0; 1]; 
q52 = A52\b52; 
    end 
    for i=3; 
A53 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b53 = [0; 0; 0; 1]; 
q53 = A53\b53; 
    end 
    for i=4; 
A54 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b54 = [0; 0; 0; 1]; 
q54 = A54\b54; 
    end 
    for i=5; 
A55 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b55 = [0; 0; 0; 1]; 
q55 = A55\b55; 
    end 
    for i=6; 
A56 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b56 = [0; 0; 0; 1]; 
q56 = A56\b56; 
    end 
    for i=7; 
A57 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b57 = [0; 0; 0; 1]; 
q57 = A57\b57; 
    end 
    for i=8; 
A58 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
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s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b58 = [0; 0; 0; 1]; 
q58 = A58\b58; 
    end 
    for i=9; 
A59 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b59 = [0; 0; 0; 1]; 
q59 = A59\b59; 
    end 
    for i=10; 
A510 = [s(j,i)*Pd11(j), s(j,i)*Pd12(j), s(j,i)*Pd13(j), -1; 
s(j,i)*Pd21(j), s(j,i)*Pd22(j), s(j,i)*Pd23(j), -1; 
s(j,i)*Pd31(j), s(j,i)*Pd32(j), s(j,i)*Pd33(j), -1; 
s(j,i), s(j,i), s(j,i), 0]; 
b510 = [0; 0; 0; 1]; 
q510 = A510\b510; 
    end 
end 
q1s1 = (q11(1,1)*0.0833333333333333)+(q12(1,1)*(-
32.0833333333333))+(q13(1,1)*1279)+(q14(1,1)*(-
15623.6666666667))+(q15(1,1)*84244.1666666667)+(q16(1,1)*(-
236957.5))+(q17(1,1)*375911.666666667)+(q18(1,1)*(-
340071.666666667))+(q19(1,1)*164062.5)+(q110(1,1)*(-32812.5)); 
q1s2 = (q21(1,1)*0.0833333333333333)+(q22(1,1)*(-
32.0833333333333))+(q23(1,1)*1279)+(q24(1,1)*(-
15623.6666666667))+(q25(1,1)*84244.1666666667)+(q26(1,1)*(-
236957.5))+(q27(1,1)*375911.666666667)+(q28(1,1)*(-
340071.666666667))+(q29(1,1)*164062.5)+(q210(1,1)*(-32812.5)); 
q1s3 = (q31(1,1)*0.0833333333333333)+(q32(1,1)*(-
32.0833333333333))+(q33(1,1)*1279)+(q34(1,1)*(-
15623.6666666667))+(q35(1,1)*84244.1666666667)+(q36(1,1)*(-
236957.5))+(q37(1,1)*375911.666666667)+(q38(1,1)*(-
340071.666666667))+(q39(1,1)*164062.5)+(q310(1,1)*(-32812.5)); 
q1s4 = (q41(1,1)*0.0833333333333333)+(q42(1,1)*(-
32.0833333333333))+(q43(1,1)*1279)+(q44(1,1)*(-
15623.6666666667))+(q45(1,1)*84244.1666666667)+(q46(1,1)*(-
236957.5))+(q47(1,1)*375911.666666667)+(q48(1,1)*(-
340071.666666667))+(q49(1,1)*164062.5)+(q410(1,1)*(-32812.5)); 
q1s5 = (q51(1,1)*0.0833333333333333)+(q52(1,1)*(-
32.0833333333333))+(q53(1,1)*1279)+(q54(1,1)*(-
15623.6666666667))+(q55(1,1)*84244.1666666667)+(q56(1,1)*(-
236957.5))+(q57(1,1)*375911.666666667)+(q58(1,1)*(-
340071.666666667))+(q59(1,1)*164062.5)+(q510(1,1)*(-32812.5)); 
%q1s(j) represents flow rate for first element in Laplace space, at time step j 
q1d1 = q1s1*log(2)/a(1); 
q1d2 = q1s2*log(2)/a(2); 
q1d3 = q1s3*log(2)/a(3); 
q1d4 = q1s4*log(2)/a(4); 
q1d5 = q1s5*log(2)/a(5); 
q1dt = [q1d1; q1d2;q1d3;q1d4; q1d5]; 
%q1d(j) represents dimensionless flow rate for first element, at time 
%step j after inversion using Stehfest algorithm. 
%q1dt represents flow rate from first element at each time step lumped into 
%one matrix 
q2s1 = (q11(2,1)*0.0833333333333333)+(q12(2,1)*(-
32.0833333333333))+(q13(2,1)*1279)+(q14(2,1)*(-
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15623.6666666667))+(q15(2,1)*84244.1666666667)+(q16(2,1)*(-
236957.5))+(q17(2,1)*375911.666666667)+(q18(2,1)*(-
340071.666666667))+(q19(2,1)*164062.5)+(q110(2,1)*(-32812.5)); 
q2s2 = (q21(2,1)*0.0833333333333333)+(q22(2,1)*(-
32.0833333333333))+(q23(2,1)*1279)+(q24(2,1)*(-
15623.6666666667))+(q25(2,1)*84244.1666666667)+(q26(2,1)*(-
236957.5))+(q27(2,1)*375911.666666667)+(q28(2,1)*(-
340071.666666667))+(q29(2,1)*164062.5)+(q210(2,1)*(-32812.5)); 
q2s3 = (q31(2,1)*0.0833333333333333)+(q32(2,1)*(-
32.0833333333333))+(q33(2,1)*1279)+(q34(2,1)*(-
15623.6666666667))+(q35(2,1)*84244.1666666667)+(q36(2,1)*(-
236957.5))+(q37(2,1)*375911.666666667)+(q38(2,1)*(-
340071.666666667))+(q39(2,1)*164062.5)+(q310(2,1)*(-32812.5)); 
q2s4 = (q41(2,1)*0.0833333333333333)+(q42(2,1)*(-
32.0833333333333))+(q43(2,1)*1279)+(q44(2,1)*(-
15623.6666666667))+(q45(2,1)*84244.1666666667)+(q46(2,1)*(-
236957.5))+(q47(2,1)*375911.666666667)+(q48(2,1)*(-
340071.666666667))+(q49(2,1)*164062.5)+(q410(2,1)*(-32812.5)); 
q2s5 = (q51(2,1)*0.0833333333333333)+(q52(2,1)*(-
32.0833333333333))+(q53(2,1)*1279)+(q54(2,1)*(-
15623.6666666667))+(q55(2,1)*84244.1666666667)+(q56(2,1)*(-
236957.5))+(q57(2,1)*375911.666666667)+(q58(2,1)*(-
340071.666666667))+(q59(2,1)*164062.5)+(q510(2,1)*(-32812.5)); 
%q2s(j) represents flow rate for second element in Laplace space, at time step j 
q2d1 = q2s1*log(2)/a(1); 
q2d2 = q2s2*log(2)/a(2); 
q2d3 = q2s3*log(2)/a(3); 
q2d4 = q2s4*log(2)/a(4); 
q2d5 = q2s5*log(2)/a(5); 
q2dt = [q2d1; q2d2;q2d3;q2d4; q2d5]; 
%q2d(j) represents dimensionless flow rate for second element in, at time 
%step j after inversion using Stehfest algorithm. 
%q2dt represents flow rate from second element at each time step lumped into 
%one matrix 
q3s1 = (q11(3,1)*0.0833333333333333)+(q12(3,1)*(-
32.0833333333333))+(q13(3,1)*1279)+(q14(3,1)*(-
15623.6666666667))+(q15(3,1)*84244.1666666667)+(q16(3,1)*(-
236957.5))+(q17(3,1)*375911.666666667)+(q18(3,1)*(-
340071.666666667))+(q19(3,1)*164062.5)+(q110(3,1)*(-32812.5)); 
q3s2 = (q21(3,1)*0.0833333333333333)+(q22(3,1)*(-
32.0833333333333))+(q23(3,1)*1279)+(q24(3,1)*(-
15623.6666666667))+(q25(3,1)*84244.1666666667)+(q26(3,1)*(-
236957.5))+(q27(3,1)*375911.666666667)+(q28(3,1)*(-
340071.666666667))+(q29(3,1)*164062.5)+(q210(3,1)*(-32812.5)); 
q3s3 = (q31(3,1)*0.0833333333333333)+(q32(3,1)*(-
32.0833333333333))+(q33(3,1)*1279)+(q34(3,1)*(-
15623.6666666667))+(q35(3,1)*84244.1666666667)+(q36(3,1)*(-
236957.5))+(q37(3,1)*375911.666666667)+(q38(3,1)*(-
340071.666666667))+(q39(3,1)*164062.5)+(q310(3,1)*(-32812.5)); 
q3s4 = (q41(3,1)*0.0833333333333333)+(q42(3,1)*(-
32.0833333333333))+(q43(3,1)*1279)+(q44(3,1)*(-
15623.6666666667))+(q45(3,1)*84244.1666666667)+(q46(3,1)*(-
236957.5))+(q47(3,1)*375911.666666667)+(q48(3,1)*(-
340071.666666667))+(q49(3,1)*164062.5)+(q410(3,1)*(-32812.5)); 
q3s5 = (q51(3,1)*0.0833333333333333)+(q52(3,1)*(-
32.0833333333333))+(q53(3,1)*1279)+(q54(3,1)*(-
15623.6666666667))+(q55(3,1)*84244.1666666667)+(q56(3,1)*(-
236957.5))+(q57(3,1)*375911.666666667)+(q58(3,1)*(-
340071.666666667))+(q59(3,1)*164062.5)+(q510(3,1)*(-32812.5)); 
%q3s(j) represents flow rate for third element in Laplace space, at time step j 
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q3d1 = q3s1*log(2)/a(1); 
q3d2 = q3s2*log(2)/a(2); 
q3d3 = q3s3*log(2)/a(3); 
q3d4 = q3s4*log(2)/a(4); 
q3d5 = q3s5*log(2)/a(5); 
q3dt = [q3d1; q3d2;q3d3;q3d4; q3d5]; 
%q3d(j) represents dimensionless flow rate for third element in, at time 
%step j after inversion using Stehfest algorithm. 
%q3dt represents flow rate from third element at each time step lumped into 
%one matrix 
Pws1 = (q11(4,1)*0.0833333333333333)+(q12(4,1)*(-
32.0833333333333))+(q13(4,1)*1279)+(q14(4,1)*(-
15623.6666666667))+(q15(4,1)*84244.1666666667)+(q16(4,1)*(-
236957.5))+(q17(4,1)*375911.666666667)+(q18(4,1)*(-
340071.666666667))+(q19(4,1)*164062.5)+(q110(4,1)*(-32812.5)); 
Pws2 = (q21(4,1)*0.0833333333333333)+(q22(4,1)*(-
32.0833333333333))+(q23(4,1)*1279)+(q24(4,1)*(-
15623.6666666667))+(q25(4,1)*84244.1666666667)+(q26(4,1)*(-
236957.5))+(q27(4,1)*375911.666666667)+(q28(4,1)*(-
340071.666666667))+(q29(4,1)*164062.5)+(q210(4,1)*(-32812.5)); 
Pws3 = (q31(4,1)*0.0833333333333333)+(q32(4,1)*(-
32.0833333333333))+(q33(4,1)*1279)+(q34(4,1)*(-
15623.6666666667))+(q35(4,1)*84244.1666666667)+(q36(4,1)*(-
236957.5))+(q37(4,1)*375911.666666667)+(q38(4,1)*(-
340071.666666667))+(q39(4,1)*164062.5)+(q310(4,1)*(-32812.5)); 
Pws4 = (q41(4,1)*0.0833333333333333)+(q42(4,1)*(-
32.0833333333333))+(q43(4,1)*1279)+(q44(4,1)*(-
15623.6666666667))+(q45(4,1)*84244.1666666667)+(q46(4,1)*(-
236957.5))+(q47(4,1)*375911.666666667)+(q48(4,1)*(-
340071.666666667))+(q49(4,1)*164062.5)+(q410(4,1)*(-32812.5)); 
Pws5 = (q51(4,1)*0.0833333333333333)+(q52(4,1)*(-
32.0833333333333))+(q53(4,1)*1279)+(q54(4,1)*(-
15623.6666666667))+(q55(4,1)*84244.1666666667)+(q56(4,1)*(-
236957.5))+(q57(4,1)*375911.666666667)+(q58(4,1)*(-
340071.666666667))+(q59(4,1)*164062.5)+(q510(4,1)*(-32812.5)); 
%Pws(j) represents pressure drop in Laplace space, at time step j 
Pwd1 = Pws1*log(2)/a(1); 
Pwd2 = Pws2*log(2)/a(2); 
Pwd3 = Pws3*log(2)/a(3); 
Pwd4 = Pws4*log(2)/a(4); 
Pwd5 = Pws5*log(2)/a(5); 
Pwdt = [Pwd1; Pwd2;Pwd3;Pwd4; Pwd5]; 
%Pwd(j) represents dimensionless pressure drop at time 
%step j after inversion using Stehfest algorithm. 
%Pwdt represents pressure drop at each time step lumped into 
%one matrix 
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Appendix E: Sensitivity runs 
 
Determination of individual fracture flow rates 
Some more sensitivities were run on the model presented in figures (9) and (10). By making the 
properties of the outer most fractures identical, it may again be observed in the following figure (E-1) that 
the individual fracture flow rates from the outer most fractures i.e. fracture 1 and fracture 3 are identical. 
Fracture 2 in the middle, has lower conductivity and thus produces least. With the start of interference, the 
flow rate form middle fracture (q2D) decreases further. 
 
 
Figure E-1: Individual fracture flow rate with varying properties 
 
In figure (E-2), the properties of all three fractures are identical. It is noticeable that all the fractures 
start producing with equal rates but as the interference starts, the flow rate of the middle starts decreasing 
and the percentage of flow rate from outer two fractures increase. This is again consistent with the 
discussions in the main paper. 
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Figure E-2: Individual fracture flow rate with identical properties 
 
Impact of fracture spacing on the start of interference 
Comparing the responses of individual fracture flow rates on figures (E-3) and (E-4) shows that as the 
fracture spacing increases, the start of interference is delayed. It is evident that the flow rate from middle 
fracture q2D starts decreasing much later when the fracture spacing more. This signifies that farther the 
fractures later will be the start of the interference. 
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Figure E-3: Individual fracture flow rates. Fracture spacing 250m 
 
 
Figure E-4 Individual fracture flow rates. Fracture spacing 500m 
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Determination of dimensions of SRV 
Figures (E-5) and (E-), respectively show top and side views of a cased horizontal well intercepted by 
seven equally spaced transverse hydraulic fractures of identical properties. Several cases were run with 
decreasing number of producing fractures keeping outer most fractures productive in all the cases. 
Reasonable accuracy of interpretations to determine the dimensions of SRV and the number of producing 
fractures is discussed below. 
 
 
Figure E-5: Top view of a horizontal well intercepted by seven identical transverse hydraulic fractures 
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Figure E-6: Side view of a horizontal well intercepted by seven identical transverse hydraulic fractures 
 
Determination of dimensions of SRV 
Figure (E-7) shows the pressure derivative plot with respect to the square root of time. As discussed 
above, the ratio between the formation and compound linear flows determines the dimensions of the SRV 
(Eq. 14). 
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Figure E-7: Pressure derivative plot. Maximum number of active fractures, 7 
 
Table (E-1) presents the simulated and calculated dimension of the fractured reservoir volume. 
 
Case D/L (Model) D/L (Calculated) 
7 Fractures 6 6.2 
6 Fractures 6 6 
5 Fractures 6 6.4 
4 Fractures 6 6.5 
3 Fractures 6 6.5 
2 Fractures 6 6.2 
Table E-1: Comparison between simulated and calculated dimensions of SRV 
 
Determination of the number of active fractures 
Table (E-2) below presents a comparison between number of active producers in the simulation model 
for different runs and computationally determined number of producing elements as discussed in equation 
(18) above. Following table shows that number of active fractures can be determined by rounding off the 
calculated number of productive fractures to the nearest integer. 
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Case Active fractures 
  (Model)  (Calculated) 
7 Fractures 7 7 
6 Fractures 6 6.3 (approx. 6) 
5 Fractures 5 5.3 (approx. 5) 
4 Fractures 4 4.4 (approx. 4) 
3 Fractures 3 3.5 (approx. 3) 
2 Fractures 2 2.5 (approx. 2) 
Table E-2: Comparison between simulated and calculated number of fractures 
 
Tables (E-1) and (E-2) endorse the decent accuracy for the estimation of dimensions of SRV and number 
of active fractures. 
